A mathematical model of the continuous casting process, which explicitly incorporates the presence of slag, molten steel, heat transfer through the mould walls, and shell solidification, is presented. The model is based on the solution of the Navier-Stokes equations for the multiphase slag-steel-air system under transient conditions, including tracking of the interface between these phases. The use of an extremely fine mesh (100 mm) in the meniscus region allows, for the first time, the direct calculation of liquid slag infiltration into the shell-mould gap. Elsewhere, a coarser mesh is used to capture the influence of the metal flow on the overall solution. Predictions are compared with prior, cold model experiments and high temperature mould simulators. Excellent agreement was found for features such as slag film development and heat flux variations during the oscillation cycle. Furthermore, predictions of shell thicknesses and heat fluxes for a variety of simulated casting speeds are also in good agreement with plant measurements. These findings provide an improved fundamental understanding of the basic principles involved in slag infiltration and solidification inside the mould and how these affect key process parameters, such as powder consumption and shell growth. These parameters have a decisive effect on the formation of oscillations marks and transverse cracks, which are a major source of defects in the casting practice.
Introduction
In today's steel industry, finding solutions that improve both productivity and quality can equate to survival in a competitive market. Defects are major sources of quality problems, yield loss and unnecessary energy consumption. They represent a challenging problem in the field and are a subject of extensive research. The formation of these casting defects (i.e. deep oscillation marks, transverse and longitudinal cracks, inclusions, etc.) is related to casting conditions in the plant (such as powder consumption, casting speed and mould oscillation), which are strongly inter-dependent and occur simultaneously inside the mould. For instance, oscillation marks are periodical defects formed on the slab surface due to mould oscillation but are also highly affected by slag infiltration, mould level and heat transfer conditions in the mould. 1, 2) The need to predict the formation of defects has driven the development of a variety of numerical models to simulate solidification within the mould. [3] [4] [5] [6] Nevertheless, the generalized approach for these models is based on fitting plant data, such as measurements from thermocouples (embedded in the mould walls) during the operation of the caster. These values are used to define both the heat removal rate through the mould walls and the solidification time. As expected, these models have proven reliable when the conditions under analysis are close to those used in the data acquisition. However, this approach fails when casting conditions diverge radically from conventional limits. This is the case with significant increases in casting speed or the introduction of new steel grades with poor castabilty (e.g. TRIP and TWIP steels). 7) These changes increase the number of defects and can lead to major casting problems such as breakouts and hot tearing. Finally, existing, fitted models are unable to explain the mechanisms involved in slag infiltration and initial solidification due to their complexity (e.g.
Ref. 8)).
Improved numerical models and experimental techniques are required to address these issues. However, a major hindrance for an integral analysis lies in the treatment of the slag film (i.e. solid plus liquid slag layers that form between shell and mould), which controls both lubrication of the strand and thermal insulation. Small-scale laboratory experiments have been used to model these layers and provide useful information on basic interactions, e.g., the relation between powder properties and heat transfer; but fail to account for the effects of more complex phenomena such as the influence of mould oscillation and shell formation on the evolution of the slag film. [9] [10] [11] Numerical simulations suffer from similar problems since the majority of models address only a limited number of phenomena (such as the interaction of metal flow with heat transfer or heat transfer effects on solidification) but ignore the behaviour of molten slag inside the shell-mould gap. 3, 12) Again, this problem has been addressed through algebraic and empirical models based on plant measure-ments of powder consumption rates. [13] [14] [15] However, these models provide only limited information on the conditions prevailing in the meniscus during initial solidification (where most defects arise). Furthermore, there are only a few studies where transient descriptions of this initial solidification have been attempted and they do not supply any information on the evolution of the shell as a function of intermittent changes in the metal flow. 2, 16) In summary, there is a well established need for a numerical model able to couple such wide range of phenomena under transient conditions. A model which addresses many of these limitations is presented in this study, allowing both new insights into the triggering mechanisms of infiltration and solidification, which are, in turn, intimately related to the formation of defects.
Model Description
A comprehensive two dimensional model of the heat transfer, fluid flow, and solidification was developed based on a commercial code. This model calculates the flow dynamics of molten steel, air and slag within the mould, building on a prior more limited model. 17) Direct infiltration of slag into the shell-mould gap is achieved by coupling the Navier-Stokes equations for compressible viscous flow with a multiphase tracking technique known as volume of fluid (VOF) 18) and a k-e turbulence model. 17, 19) ... (1) ... (2) All variables are defined in the list of symbols at the end of the manuscript. Calculation of the slag-metal interface is attained through the Continuum Surface Force (CSF) model developed by Brackbill et al., 20) which is added to the momentum equation through the source term S s . For instance S s becomes S steel-slag , for steel and slag at the meniscus:
Previous models estimated the slag film thickness through empirical equations. 15, 21) However, the present model avoids the use of additional constraints to model the meniscus, and thereby, the solid and liquid slag film thicknesses are calculated by the actual inflow of molten slag into the gap between shell and mould.
Heat flux to the mould walls is calculated as the difference between the temperature of the shell and the mould divided by the thermal resistances provided by the slag film and the contact resistance (also known as interfacial resistance):
It must be noted that this interfacial resistance is caused by the crystallization of the slag film, which actively increases the actual "surface roughness" and thermal resistance in the gap.
11) Boundary conditions and casting parameters employed in the simulations are presented in Fig. 1 and Table  1 , respectively. A pressure inlet condition is applied at the mould top to model the effects of a system open to the atmosphere. The amount of heat extracted by the primary and secondary cooling regions is defined by a heat transfer coefficient and average heat flux as shown in Fig. 1 . Heat flux through the SEN walls and any other walls other than the symmetry planes, inlets, outlets and mould water channels are assumed to be zero.
The model includes the SEN, metal and slag flow inside the mould and half a meter of slab length below the mould exit, as shown in Fig. 1 . The solid domain includes the mould narrow face with the cooling system in its respective position. The total mesh size consists of 132, 276 elements ranging in size from 100 to 5 mm. The solution procedure consists of 3 steps. The first step is to solve the metal flow under iso-thermal conditions.
17)
The second step is the addition of the slag layer 23) as an initially flat 50 mm thick layer on top of the steel bath. Powder is added as constant flux at the upper boundary. Slag properties (viscosity and thermal conductivity) are defined as a function of temperature and composition as detailed in, 23) which allows the calculation of a liquid pool for the slag in immediate contact with the steel (known as slag pool). This approach is analogous to that used by Meng et al. 16) and Mapelli et al., 24) where a sudden increase in viscosity occurs at the break temperature (T br ) of the slag; this allows the solid layer to be differentiated from the liquid slag layer through the T br isotherm. This approach also produces the formation of a sintered layer, which corresponds to molten slag that has returned to solid state in colder areas of the bed. Interestingly, the model illustrates that the slag bed/pool thickness fluctuates freely, with a thicker sintered layer predicted in the mould corner, where it takes the shape of a slag rim attached to the mould wall. Thus, the solid slag layer includes 3 main sections; inside the shellmould gap, it forms a thin film that remains attached to the mould side (d solid ). Above the shell-mould gap, the solid slag accumulates into a rim-like shape that matches the curvature of the meniscus. However, this rim is connected to the rest of the solid material in the bed located just above the liquid pool forming the sintered layer. As a consequence, the rim shape is not predefined but is a result of the calculations.
In the third step, the heat transfer is solved for a period of time which is sufficient to allow a regular solid shell to form and infiltration to occur (typically 2 000 s using time steps of 0.005 s). Total calculation time is approximately 120 h per case on a dual-core PC.
Results and Discussion

Metal and Slag Flow
Flow dynamics and heat transfer were analysed for a series of cases under the conditions listed in Table 2 . Typical flow streamlines and temperature fields are shown in Fig. 2 for a casting speed (v c ) of 0.9 m/min. A similar flow pattern was found for all casting speeds simulated, with rolls developing above and below the main discharging jet leaving the SEN, which agrees with previously reported findings. 17) The effect of changes in casting speed is also consistent with previous numerical and experimental observations, showing increases in velocity magnitude in the jet with increasing casting speed. 19) Velocities in the slag bed and at the steel-slag interface, are successfully calculated with this technique due to the multiphase approach defined by Eqs. (1)-(3). These velocity fields are critical for infiltration and local flow in the meniscus as described later.
The right hand side of Fig. 2 (a) shows typical temperature distributions produced by the jet and rolls, for steel entering the SEN at a temperature of 1 810 K, with the jet retaining most of its heat until the impingement point and in the rolls (ϳ1 778 K). In the copper mould, the maximum temperature (ϳ702 K) was located at approximately 45-55 mm below the meniscus level. The back of the mould remains close to 393 K along most of the water jacket surface. The calculated liquid and solid slag layers (light and dark grey) are shown in Fig. 2(b) , together with the liquid steel and solid shell (white and black). Note that the location where solidification initiates (near the meniscus) as well as the shell shape, are predicted by the model rather than being fixed a priori. The left hand side of Fig.  2(b) shows the very high degree of mesh refinement required to predict these phenomena (i.e. minimum cell size Ͻ100 mm).
Infiltration into the shell-mould gap occurs as a thin film (d liquid of ϳ150 to 600 mm depending on v c ) of liquid slag travelling with the steel shell as it is pulled downwards. The model also predicts a solid slag layer (d solid ) of approximately 1.5 mm in thickness between the liquid channel and mould side for the case shown (v c of 0.9 m/min). The inter- facial tension between metal and slag plays an important role in this infiltration and determines the characteristic curvature at the meniscus corner, which was effectively predicted in the simulations ( Fig. 2(b) ). The meniscus profile exhibits a more complex structure for the slag-metal interface and the slag rim than those predicted by the Bikerman equation. This suggests that infiltration in the shell-mould gap is strongly affected by other phenomena occurring far from the meniscus corner (such as jet oscillations and level fluctuations as proposed by Lee et al. 25) These transient events are mainly related to the metal flow delivered by the SEN and involve different time and length scales to those of mould oscillation. These phenomena were defined recently by Badri et al. 26) as low frequency phenomena, whereas the events related to mould oscillation were denoted as high frequency phenomena. Figure 2 shows a snapshot of the transient flows, slag layers and temperature contours once a "steady state" has been reached. Although termed "steady state", this does not imply that changes in metal flow and temperature do not occur. Instead, we simply mean that a regular shell formation and a uniform slag film have developed throughout the mould length. In fact, there are continuous fluctuations in both the flow and thermal fields even when, what is termed, "steady state" casting has been achieved. Furthermore, these fluctuations have a cyclic nature that has been observed in experimental studies. 26, 27) These low frequency phenomena are due to the turbulent nature of the flow leaving the nozzle, which produces variations in the intensity and angle of the discharging jets, as well as wave-like oscillations of the slag-metal interface.
High and Low Frequency Phenomena
19) The effect of these low frequency phenomena on slag infiltration and heat extraction are successfully traced with the current model, which predicts (as shown in Fig. 3 ) the solid slag film thickness (d solid ) and heat flux density (q) as a function of time for a point 45 mm below the meniscus level.
The solid slag layer and heat flux were found to vary at three different frequencies (Fig. 1) , the highest being locked into the mould oscillation frequency (0.6 s), a typical low frequency (see solid-line oscillations of approximately 20-25 s), and a very low frequency phenomena (not shown in the figure) on a time scale of minutes. Although the analysis of this very low frequency behaviour is being addressed by the authors in ongoing research, it requires extensive calculations over long periods of time (significant computational effort); and therefore, is beyond the scope of this text. Nevertheless, both the low and the very low frequency behaviour affect the measurement of any variable traced during an oscillation cycle by increasing or decreasing its mean value.
High frequency phenomena are produced by the continuous vertical oscillation of the mould. This oscillation is defined by the mould velocity (v m ) and displacement (m disp ), as shown in Fig. 4 . It is customary to discuss the effects of oscillation in terms of negative and positive strip times, (t n ) and (t p ), respectively. Negative strip occurs when the downward velocity of the mould is faster than the casting speed in the withdrawal direction (v m Ͼv c , Fig. 4(b)-middle) . However, in this particular case, v c was defined as negative in the downwards direction, thus, t n occurs when |Ϫv m |Ͼ|Ϫv c |. The positive strip time refers to the rest of the oscillation cycle. These oscillation characteristics strongly affect the slag infiltration and solidification, as explained below.
Slag Infiltration
To understand the infiltration mechanism, a detailed description of the inflow of molten slag entering the shellmould gap is required, as shown in Fig. 5 . This liquid slag forms a channel that runs from the slag pool to a constriction (dotted circle in Fig. 5(a) ), where the slag film initiates. The width of the liquid slag film was calculated by determining the distance between the surface of the shell and slag break temperature (T br , 1 350 K) isotherm. The first observation made from Fig. 5 is the irregular shape of the liquid slag channel, especially at the rim surface. This bears a closer resemblance with actual rim samples obtained in plant trials 28) than with the profiles calculated through the Bikerman equation.
29) The figure also illustrates how the metal-slag interface deforms to balance the forces generated by interfacial tension with the pressure exerted by the © 2010 ISIJ rim during the oscillation cycle. The shape and width of the channel are determined by the interaction of the various forces acting at the interface, namely, the ferrostatic pressure and the pressure of slag influx. Further analysis of the flow patterns of liquid slag in Fig.  5 shows that slag infiltration is closely related to the mould velocity and mould displacement during the cycle. For instance, the cycle starts with counter-flows at the entry of the gap (1 in Fig. 5(a)-mould travelling upwards) . Then, the counter-flow both decreases and moves downwards, disappearing later in the cycle and allowing partial infiltration (2 in Fig. 5(b) ). Infiltration occurs partly during the negative strip time, t n , due to a pumping effect produced by the downwards movement of the mould and slag rim (3 in Fig.   5(c) ). This infiltration continues through part of the positive strip time, t p , until the flow is redirected upwards again by the mould displacement (4 in Fig. 5(d) ). Finally, counterflows appear at the end of the cycle when the mould is again at its highest position (5 in Fig. 5(d) ).
In order to corroborate these results, the flow patterns of liquid slag in the meniscus are compared to those simulated by Ojeda et al. 29) in Fig. 6 . Comparison of flow directions in the slag pool at various points throughout the oscillation cycle show very good agreement. Note that Ojeda's model only simulates the liquid slag and does not provide any information about the thermal evolution in the meniscus, which is actively changing the thicknesses of the liquid and solid slag layers. Furthermore, the results obtained in this study show that the slag-metal interface deforms to accommodate the local flows of metal/slag in the meniscus and the effect of the rim. Previous models have not taken this into account. In this case, flow patterns provide the first piece of information about the infiltration mechanism, whereas the liquid slag film thickness provides a measure of the lubrication (powder consumption) supplied. On the other hand, the pumping effect produced by the descending rim (as proposed initially by Emi et al. 30) and illustrated by Ojeda et al. 29) ) has been confirmed in the simulations. There has been a long debate on the factors affecting slag infiltration with some investigators proposing that infiltration occurs in the negative strip time and others claiming that slag infiltration occurs in the positive strip time. In order to compare the current results with those reported previously, two reference points were defined during the oscillation cycle, namely, v m ϭϩv c and v m ϭϪv c . The latter corresponds to the beginning of t n (Ϫv c is the velocity in the casting direction). Figure 7 compares the transients for the thicknesses of solid and liquid slag layers during one cycle with those for oil thickness recorded in a cold model experiment by Kajitani et al. 31) The results show that the evolution of the solid slag film (d solid ) is very similar to that reported by Kajitani et al. for the oil thickness. Both reach a maximum thickness when v m ϭϩv c (just before the start of t n ), and decrease steadily through t n , falling to a minimum when v m ϭ0. At this point, d solid starts to grow steadily during t p until it reaches a maximum when v m ϭϩv c (end of upwards displacement). These results confirm that d solid decreases mainly during the negative strip time (mould travelling downwards) and increases throughout positive strip periods (mould travelling upwards). In contrast, the behaviour of the liquid layer thickness during the cycle is a mirror image of the solid layer behaviour. This implies that the slag film is the result of melting/freezing cycles, where the liquid layer grows at expense of the solid as the mould is travelling downwards to hotter regions. Conversely, the liquid slag tends to freeze as the mould moves upwards, away from the heat source. This mechanism is also evident in the formation of the rim due to the solidification of slag in the mould corner just above the meniscus.
Kajitani's experiment is able to capture the effects of thickening and thinning of the oil film in the gap during the oscillation cycle. However, the lack of a solid layer in the experiment suggests that the measured effects apply only to geometrical changes in the gap derived from the artificial taper assigned to the mould side. Nevertheless, the overall effect is equivalent to the remelting of the solid slag layer in the current simulations as the mould moves downwards (effectively increasing the thickness of the liquid). Although this comparison provides a good validation of the widening/thinning cycles on the slag film, it is also important to examine the heat transfer evolution of the solid and liquid layers, which requires an analysis of the heat flux and shell growth.
Heat Flux Evolution
The predicted heat fluxes at the narrow face centreline for a position 45 mm below the meniscus and v c ϭ1.2 m/min were compared in Fig. 8 with those obtained by Badri et al. in a laboratory-based mould simulator. 26, 27) In this case, heat flux transients exhibit a sudden increase at the start of t n , which is in excellent agreement with Badri's measurements. Furthermore, the periodicity of the heat flux with oscillation is also in good agreement with the experiments. It is also noticeable that the heat flux in the simulations increased consistently with a local plateau at 1/4 cycle followed by a further increase up to a local maximum at approximately tϭ1/2 cycle. The heat flux drops dramatically at the end of the positive strip time to complete the oscillation cycle.
The transients for slag film evolution and heat flux presented in Figs heat flux evolution, where increases in heat flux are associated with concomitant decreases in solid slag thickness. This inverse dependency is consistent with Eq. (4) since an increase in thermal resistance is expected from a thicker solid slag film. Additionally, the points where v m intersects Ϯv c define local maxima and minima throughout the cycle, confirming the influence of mould oscillation on infiltration and heat delivery to the mould.
The excellent correlation of the predicted results to the findings of two prior experimental studies focused on completely different aspects of the casting process and with very particular physical nature supports the validity of the modelling approach employed in this investigation. Moreover, comparisons with a numerical model focused entirely on the slag flow in the meniscus confirms the self-consistency of the results obtained, where calculation of small scale events such as infiltration match with macro-scale events such as heat flow across very different time-scales. This self-consistency allowed the deduction of physical mechanisms for infiltration and solidification, as explained in the following sections.
Slag Infiltration and Initial Shell Solidification
Mechanisms The mechanism of slag infiltration is shown in Fig. 9 , where the flow of slag into the solid slag/shell gap and the changes in solid and liquid slag film thicknesses (exaggerated to demonstrate the mechanism) are correlated with measured transients for various parameters during the oscillation cycle (v c ϭ0.9 m/min). (Note, the values of pressure, velocity and temperature are the average value across the liquid slag layer at 45 mm below the meniscus.) Starting at half negative strip time, the slag rim produces a pumping effect as the mould travels downwards and liquid slag is pushed to fill-in the gap. The pressure exerted by the slag rim is transmitted through the fluid producing periodic perturbations in the slag-metal interface, which imprint a hollow shape on the interface for every cycle as the shell moves downwards. The new shape of the channel produces accumulation of liquid slag into bursts that move down along the interface in a similar way to a slug flow. Right at the end of t n , the mould reaches its lowest position bringing the slag rim closer to the shell (the source of heat in this case). This proximity causes remelting of the solid slag, thereby increasing the liquid film thickness to a maximum just after the mould begins to travel upwards. Although infiltration increases steadily during this negative strip, the peak in infiltration (i.e. consumption) occurs in the first half of the positive strip time, when the liquid slag film is at its maximum (mould starting to travel upwards). This fact explains why slag consumption has been found to increase with increasing positive strip time in industrial practice. 32) The results also indicate that positive slag infiltration occurs throughout the oscillation cycle but decreases in the second half of the positive strip due to the decrease in liquid film thickness as the solid film recovers. No cases of negative consumption rates were identified in the cycle for the casting parameters studied here.
Average temperatures across the liquid film are consistent with these findings since a peak in temperature can be found when the liquid slag film is at its maximum thickness, while the minimum temperature occurs when the solid layer is at a maximum. These cycles of thinning and thickening of the slag layers in the film respond to the proximity of the mould (the solid film re-melts if it is closer to the shell or freezes when the mould is far from the heat source). Higher temperatures are also expected to enhance the fluidity (i.e. reciprocal viscosity) of the slag entering the gap and hence, increase consumption. Additionally, the pressure and velocity that characterize the liquid film agree © 2010 ISIJ with physical principles. For instance, velocity is a mirror image of the pressure in the liquid film complying with the Bernoulli principle. Furthermore, the pressure increases as the liquid film thickens reducing the velocity of the molten slag; otherwise, the thinning of the film reduces the pressure and increases the velocity. Consequently, the relationship between, d liquid , pressure and velocity is maintained to ensure that the continuity law is preserved. Initial solidification of the shell occurs along the computed, tortuous, slag-metal interface (shown in Figs. 5, 6 and 9) creating a shell of uneven thickness, which is pulled downwards at the casting speed. In order to explore the mechanism of initial solidification, the transients for shell thickness and heat flux have been plotted in Fig. 10 for an oscillation cycle (v c ϭ0.9 m/min). Variations in the shell surface have been exaggerated by several orders of magnitude to highlight differences in the surface roughness. Schematics of solid and liquid slag film thicknesses are also presented in Fig. 10 to illustrate how changes in the mould temperature (T mould ), shell temperature (T shell ) and break temperature (T br ) affect the solid and liquid layers in the slag film, and hence, the heat flux evolution during the cycle. Shell thicknesses correlate well with local minima and maxima in heat flux and film thicknesses, which occur at key points in the cycle. For instance, at the beginning of negative strip time (v c ϭϪv m ), the mould is close to its highest point and heat flux is at a minimum; consequently, the rate of shell solidification is low. Furthermore, as t n proceeds the descending rim pushes the steel-slag interface giving rise to periodic depressions in the shell surface, which the authors consider as the origin of oscillation marks (OM's). However, the current model does not simulate the deformation or shrinkage of the shell, which are thought to play an important role in the final shape of an OM.
1) Nevertheless, the mechanism proposed here offers an explanation of the initiation of OM's due to the cyclic nature of solidification within the mould. Support for this hypothesis can be derived from the pitch of the periodic depressions in the surface predicted by the present model. Mean values for v c ϭ0.6, 0.9, 1.2 and 1.5 m/min are 6.1, 9.1, 11.8 and 15.0 mm, respectively. This is in excellent agreement with the values for the theoretical pitch (6, 9, 12 All of the trends discussed in this section (Figs. 9 and 10) were observed over a wide range of casting speeds from 0.6 to 1.8 m/min, although the magnitude of the variations varied. It should be noted that the shell grows by increasing the heat flux and decreasing d solid . In contrast powder consumption is a function of d liquid . Thus, it can be concluded that the liquid slag film controls lubrication, while the solid slag film controls solidification. Therefore, the onset of defects such as oscillation marks is the result of the transient interaction between lubrication and solidification produced by the mould oscillation.
Comparison to Industrial Measurements and Model Limitations
Values for shell thickness and powder consumption at various casting speeds (0.6 to 1.8 m/min) are compared with the recent plant measurements (due to Hanao et al. 35) ) in Fig. 11 to further validate the model predictions. These measurements refer to a position 45 mm below the meniscus; and consequently, this position was used as reference point for the present calculations. Figure 11 shows that predicted shell thicknesses are in good agreement with Hanao's equation for different casting speeds. In this case, the model consistently replicates the reduction in initial shell thickness due to increases in casting speed, showing a better fitting at intermediate and high casting speeds (0.9 to 1.8 m/min) than on the low v c side (scattering at v c ϭ0.6 m/min). This discrepancy at very low casting speeds is due to the large variations in solid slag film thickness (Ͻ4 mm) and hence shell thickness.
In Fig. 12 It was also found that the liquid slag thickness increased slightly when descending the mould, which is in agreement with the predictions of Okazawa et al. 37) The most remarkable result is the replication of the effect of casting speed on consumption, since it is well known from plant measurements that increases in v c lead to decreases in consumption. However, with exception of the numerical models based in plant data fitting by Meng 16) and Shin, 32) or the physical model by Kajitani, 31) this relationship has not been reproduced even qualitatively by previous models.
Predicted consumption figures are slightly higher (ϳ6%) than those from plant data and other models at intermediate casting speeds, but depart more considerably from measurements at high casting speeds (25 %). Possible reasons for this behaviour are:
(i) Increases in positive strip time with increasing casting speed would lead to increased Q s (since frequency and stroke were maintained constant in the simulations) on the basis of results shown in Fig. 8 .
(ii) Increasing Q s is needed when casting wider slabs. It is estimated that Q s for a width of 1.88 m (used in present study) would be 10% higher than that for average slabwidths (ϳ1.4 m). 15) (iii) Values due to Shin et al. 32) would be expected to be low since they refer to a slag viscosity of 3.2 dPs (cf. 1.115 dPs in present study). Wolf and Ogibayashi equations indicate that Q s for Shin conditions should be increased by 167 and 278 %, respectively, to compare with Q s values in the present study.
(iv) The current model is two-dimensional. Under full three dimensional conditions, the slag film is expected to be thicker towards the mould corners due to the shrinkage of the slab, but would also suffer combined heat extraction from the narrow and wide faces. In consequence, despite having a thicker film in the corners; it would be also cooler and the amount of liquid slag infiltration (i.e. consumption) should decrease.
Conclusions
A numerical model which couples the metal flow, heat transfer and solidification with slag infiltration in the continuous casting mould has been successfully developed. The model is able to characterize the slag infiltration phenomena and initial shell solidification in the meniscus by coupling physical phenomena across a wide range of time and length scales to produce an integrated model of the continuous casting process. The following conclusions were drawn from the application of this model:
( (5) Consumption is directly related to the thickness of the liquid slag layer (d liquid ) and it occurs partly during t n but reaches a maximum in the first half of t p to finally decrease in late t p . Negative consumption was not detected at any part of the oscillation cycle in this study.
(6) Temperature, pressure and velocity within the liquid film are self-consistent with physical principles such as the Bernoulli equation and the Conservation law. (7) There is an inverse relationship between heat flux (q) and the thickness of the solid slag layer (d solid ) during the cycle with the heat flux increasing throughout t n and decreasing in t p .
(8) Periodic depressions are imprinted on the shell surface as the mould moves downwards in t n . A decrease in the shell solidification rates due to heat flux reductions during t n , contribute to the formation of such depressions These depressions are considered to be the origin of oscillation marks.
(9) Predicted shell thicknesses, heat fluxes and powder consumption are in good agreement with measurements obtained in plant trials and other models.
Replication of the complex phenomena measured in experiments and other numerical models validates the modelling approach used in this study. Results provide new insights into the mechanisms of infiltration and initial solidification, which are essential for the prediction and correction of typical defects such as oscillation marks and transverse cracks.
